Lrp (leucine-responsive regulatory protein) is a major Escherichia coli regulatory protein which regulates expression of a number of operons, some negatively and some positively. Operons that are affected by the presence or absence of Lrp includefanABC (3), gcv (10), ginA (5), gltBD (5), ilvIH (20), livJ and livK (7), lysU (6, 11), ompC and ompF (5), oppABCDF (1), papBA (3), sdaA (12), serA (12, 21), and tdh (12, 21). Some of these operons (e.g., ilvIH) are known to be directly controlled by Lrp, whereas others (e.g., ginA) are affected only indirectly by Lrp. Other operons that are affected by Lrp were identified by a plac Mu mutational analysis and by two-dimensional gel electrophoresis (5, 10). Many operons under control of Lrp are also subject to control by leucine. A striking feature of the Lrp regulon is the variety of ways that leucine and Lrp interact to regulate gene expression (16). Of the operons activated by Lrp, in some cases the activation requires leucine, in some cases the activation is negated by leucine, and in other cases the activation is independent of leucine. Similarly, for operons which are negatively regulated by Lrp, the same three subcategories have been observed: leucine negates the effect, leucine is required for the effect, and leucine has no effect. The molecular mechanisms underlying these six different patterns of regulation involving Lrp and leucine are only partially understood.
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Lrp, a dimer containing two identical subunits of molecular mass 18.8 kDa, is present in E. coli at a level of about 3 ,000 molecules per cell (32) . Its amino acid sequence is evolutionarily related to that of AsnC, a the expression of asnA and asnC (4, 8, 32) . A mutational analysis showed that the N-terminal third of Lrp is responsible for DNA binding, the middle third mediates transcriptional activation, and the C-terminal third determines the response of Lrp to leucine (19) . In vitro, Lrp binds in a sequence-specific fashion to multiple sites upstream of the ilvIH promoters from E. coli and Salmonella typhimurium (28, 30) and bends DNA upon binding (29) . Binding of Lrp to these sites is both necessary and sufficient for transcriptional activation of the ilvIH operon (31) . Although much has been learned recently about expression of operons regulated by Lrp, less is known about the regulation of the lrp operon itself. There are several reports that lrp is autogenously regulated (10, 18) . In this report, we identified the lrp operon promoter by primer extension and by a deletion analysis. We identified a region just upstream from the lrp promoter that binds Lrp in vitro and showed that upon deletion of this region, autogenous regulation by Lrp in vivo is lost. Thus, Lrp acts directly to control the rate of its own transcription.
MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. The characteristics of the E. coli K-12 strains used in this study are shown in Table 1 . Strains P90C [ara thi A(lac-pro)] and CV1216 were used as host for plasmid pRS415 and its derivatives (27) and for lysogenization by phage lambda and its derivatives.
Cells were grown in L broth (LB) (14) or M9 minimal salts (13) supplemented with 0.2% glucose, micronutrients (22) , and 5 ,ug of thiamine per ml. Ampicillin (200 ,ug/ml) was added to media for selection of plasmid-containing strains.
Construction of mutations and strains. Strains CV1069 and CV1070 were constructed as follows. Plasmid pCV168 contains a 2.5-kb EcoRI-HindIII DNA fragment from E. coli that includes the hp gene (Fig. 1A) . A 2-kb EcoRI-BglII fragment from plasmid pCV168 containing the lrp promoter and 29 nucleotides of the coding region of lrp was inserted upstream of the lacZ reporter gene of plasmid pRS415, creating plasmid 1832 WANG ET AL. (20) Primer extension analysis. Primer extension reactions employing reverse transcriptase were performed as described previously (31) , using RNA isolated from strain CV1401 as described previously (2) (25) .
Nucleotide sequence accession number. The nucleotide sequence accession number for lrp is U02275.
RESULTS AND DISCUSSION Nucleotide sequence of the region upstream of lrp. lrp is located in the min 20 region of the E. coli chromosome (1) , near trxB (6) . tnxB, which encodes thioredoxin reductase (24) , is transcribed in a direction opposite that of lrp (6) (Fig. 1A) .
The nucleotide sequence of the coding region of lrp was reported previously (1, 32) . We determined the nucleotide sequence of an 800-bp region upstream from the translational start of the lrp gene within plasmid pCV168. Figure 1B shows the nucleotide sequence of the 543 bp that separate the coding regions of lrp and trxB. The numbering system is relative to the transcription start site of the lrp operon (see below). The sequence from +267 to -198 was also determined by Austin et al. (1), and our results confirm theirs.
The longest open reading frame beginning with an ATG between the lrp and trxB genes (starts at +43 and reads leftward) could encode only a 56-amino-acid peptide. The region -77 to +23 has an AT content of 67% (GardinerGarden plot; Genetics Computer Group). Regions rich in AT have been noted upstream of many promoters and may play an important role in promoter function (23) .
Identification of the lrp promoter. 5' endpoints of lrp mRNA were determined by primer extension using RNA from a strain having part of the lrp operon on a multicopy plasmid (strain CV1401; Fig. 2 ). Assuming that these endpoints reflect transcription initiation, transcription is initiated with a G at the position shown in Fig. 1B and leads to an mRNA having 267 presumably untranslated nucleotides that precede the coding region of lrp. The results of a deletion analysis, described later, are consistent with the assignment of the transcription start site defined by the primer extension results.
At -35 there is a perfect match to the consensus, but only three of six bases match the -10 consensus. The similarity score of the lip promoter to the E. coli promoter consensus (52%), calculated as described by Mulligan et al. (15) , is similar to scores for the araC, ilvGMEDA, lexA, and trpR promoters (15) .
Expression of the lrp operon is autogenously regulated by
Lrp. We prepared a pair of isogenic strains (CV1069 and CV1070) containing a lip promoter-lacZ transcriptional fusion on a phage lambda inserted at its normal attachment site. The extent of the lip region carried within the fusion is shown in Fig. 1A (plasmid pCV243). Strain CV1069 carries the wildtype lip gene, whereas CV1070 has a TnlO insertion in that same gene. The specific activity of ,-galactosidase was about twofold higher in strain CV1070 than in strain CV1069, indicating that Lrp represses its own expression ( relatively low because of autogenous regulation, it was of interest to determine the effect of higher levels of Lrp on expression from the lrp promoter. To do this, we transferred lrp-containing plasmids into strain CV1070 and measured the levels of reporter gene product in the resulting strains. Plasmid pCV179 contains just the coding region of lip (without its normal promoter) cloned into a pBluescript vector (19 a In all strains, the lambda phage exists in single copy as a lysogen and carries the bacterial DNA in plasmid pCV243 (Fig. 1A) fused to a lacZ gene. The lrp gene in plasmid pCV179 lacks a promoter. Plasmid pCV180 is isogenic with pCV179 except that it has a mutation that causes Lrp to be produced in amounts eight times greater than in a haploid wild-type strain (19) . b Cells were grown in minimal medium. The specific activity for strain CV1070, 857 ± 23, was set at 100%, and other values were normalized to it. The number of determinations is given in parentheses. and CV1348). Plasmid pCV180 is identical to pCV179 except that it has a mutation in the vector that leads to about eightfold-higher levels of Lrp than in haploid wild-type strains (19) . A strain carrying this plasmid produced about 10 times less 3-galactosidase than did the isogenic strain lacking the plasmid (Table 2 ; compare CV1070 and CV1349). Thus, haploid levels of Lrp repress expression from the lip promoter only a few fold, but higher levels of Lrp have a much more profound effect. These results are similar to those described by Lin et al. (10) .
Lrp binds to a region upstream of the Irp promoter. Some preliminary DNA mobility shift experiments suggested that purified Lrp bound to DNA near the lip gene. To define the region of binding, two nested sets of deletions were created by using PCR (Fig. 3B) . PCR fragments LP-2 and LP-7, but not fragment LP-3 or LP-6, bound purified Lrp, localizing binding sites to the region -88 to -12 ( Fig. 4A and C) . This conclusion was confirmed by showing that PCR fragment LP-10, containing just the region -88 to -12 ( Fig. 3B) , also binds Lrp (Fig. 4A) . The binding site is at least partially located within the 25 bp between -40 and -65 because fragments LP-3 and LP-6 do not bind Lrp (Fig. 4A and C) . Consistent with this is the fact that cutting with RsaI (site at -55 to -58) destroyed binding ( Fig. 3A; Fig. 4B 
and C [compare fragments F-HB, F-RB, and F-HR]).
An estimate of the dissociation constant for the Lrp-lip DNA complex was made by determining the fraction of the total DNA that formed a complex as a function of Lrp Fig. 3B) . Each of the indicated fragments was labeled with -32P at an EcoRI site, incubated with (+) or without ( -) 65 nM purified Lrp, and fractionated by electrophoresis through 2% agarose, except for LP-l0, which was fractionated through 5% acrylamide. (B) Same as panel A except that restriction fragments defined in Fig. 3A were used, and the concentration of Lrp was 130 nM for the second and third panels. (C) Nucleotide sequence of region defined by these studies. The endpoints of landmark fragments are indicated by vertical lines; dotted lines indicate that the fragment is longer on that end. + or -denotes whether the fragment did or did not bind Lrp.
concentration (molar concentration of Lrp about 10 to 200 times higher than that of DNA). For comparison, we performed similar experiments using a fragment of DNA containing Lrp binding sites 1 and 2 that are upstream from the ilvIH promoter (28) . Binding of Lrp to ilvIH sites 1 and 2 is highly cooperative (28) , and therefore a single complex, composed of Lrp bound to both sites 1 and 2, predominates. Figure 5 shows that the dissociation constant for lrp DNA (35 nM) was about four times higher than that for ilvIH DNA (8 nM).
DNase I footprinting was performed with PCR fragment LP-8 to further define the region of binding. Figure 6A shows the results with the coding and noncoding strands and Fig. 6B indicates the region of the sequence that either is protected from cleavage or shows enhanced cleavage. There were not many regions that were clearly protected from DNase I by Lrp, but over the regions denoted by the brackets, there are clear examples of hypersensitive cleavage, particularly for the noncoding strand. The extent of the footprint, 85 bp (-105 to -20) , is reminiscent of the extended DNase I footprints observed for binding of Lrp to ilvIH (29) , lysU (11) , and pap (17) DNA. The region of the footprint overlaps the lrp promoter (Fig. 6B) , and it seems likely that Lrp binding reduces either the affinity of RNA polymerase for the lrp promoter or its ability to initiate transcription.
In the case of the ilvIH operon, although DNase I footprinting showed only a perturbation of the structure over an extended region, six distinct Lrp binding sites were identified by methidium-propyl EDTA-Fe(II) (MPE) footprinting (28). Fig. 3B) (28, 30) , and a similar consensus was derived by Rex et al. from a comparison of sequences of Lrp-related genes (21) . Within the sequence shown in Fig. 1B , there are two sequences that match this consensus, located at -67 to -53 and at + 14 to +28.
As mentioned in the introduction, leucine affects the expression of a number of operons in the Lrp regulon. Leucine had little effect upon the binding of Lrp to lrp DNA, as seen from DNase I footprinting (Fig. 6A) . This result is consistent with the results of in vivo experiments indicating that leucine does not affect expression from the lrp promoter (10, 18) .
Mutations affecting the Lrp binding site reduce autogenous regulation by Lrp. The PCR fragments shown in Fig. 3B were cloned in front of the lacZ gene in plasmid pRS415 and transformed into a pair of isogenic strains, one containing a c Cells were grown in minimal medium. The specific activity of strain CV1216 carrying plasmid pCV280 (19,300 ± 3,700, 15 determinations) was set at 100%, and other values were normalized to it. Each determination is the average of five or six replicates; the total number of determinations is given in parentheses.
wild-type lrp gene and the other having a TnlO insertion in lrp.
The results of 3-galactosidase assays of these strains, shown in Table 3 , are expressed relative to the value for strain CV1403. Strain CV1403 does not produce Lrp and has multicopy plasmid pCV280, containing a lacZ reporter gene attached to a DNA fragment containing the lrp promoter within region -157 to +223. This strain had about 2.5-fold-higher levels of ,B-galactosidase than strain CV1394, which is isogenic except for having a wild-type lrp gene. Similar results were obtained for strains carrying plasmid pCV243, which carries a larger piece of DNA from the lrp region (-1700 to +296) than does pCV280 ( Fig. 1A ; Table 3 [compare CV1403 and CV1394 with CV1431 and CV1430). Therefore, the DNA that is responsible for Lrp-mediated repression of lrp expression is within the region -157 to +223. Furthermore, the results with strains having multiple copies of the -157 to +223 lrp-lacZ fusion (Table 3 , CV1403 and CV1394) and the -1700 to +296 lrp-lacZ fusion (Table 3 , CV1431 and CV1430) are similar to those with strains having the lrp-lacZ fusion in single copy ( Table 2 , CV1070 and CV1069).
The remaining data in Table 3 c Cells were grown in minimal medium. The specific activity of strain CV1216 lysogenized with a lambda carrying DNA from plasmid pCV280 (504 ± 47, 15 determinations) was set at 100%, and other values were normalized to it. Each determination is the average of four to six replicates; the total number of determinations is given in parentheses.
ary is upstream of position +69 ( Fig. 3B ; Table 3 [compare CV1409 and CV1400 with CV1410 and CV1401). The position of the promoter is defined more precisely by a close comparison of constructs pCV286 and pCV287. These two constructs share the same putative -35 and spacer regions and differ only beginning in the putative -10 region. Promoter activity for construct pCV287, having the wild type -10 region (GAAAAC), was more than 100-fold higher than for construct pCV286 (GGATCC) ( Table 3 ; compare CV1409 and CV1410).
For several of the constructs, reporter gene expression was severalfold higher in the strain lacking a functional lrp gene than in the lrp+ strain. This was true for constructs having deletion endpoints at -157 and -88 but not true for the construct having a deletion endpoint at -40 ( Fig. 3B; Table 3 , compare the first four strains with the next two). Thus, the region between -88 and -40, which binds Lrp in vitro, makes the lrp operon sensitive to repression by Lrp in vivo.
To establish this conclusion more firmly, some of these experiments were repeated with strains having the lrp-lacZ fusions in single copy. These strains were constructed by transferring the fusions to phage lambda by recombination and then preparing single lysogens in strains either lacking or having a functional chromosomal lrp gene (Table 4) . In some cases, plasmid pCV180 was transferred to strains so that the effect of elevated Lrp levels could be assessed. In general, the results with these lysogens were similar to those for plasmidcontaining strains: the extent of repression by Lrp was reduced by deletion of the region between -88 and -40. That conclusion is most clearly seen in a comparison of the first three strains in Table 4 (32) suggests that the autogenous regulation of urp is not particularly sensitive, which in turn suggests that the dissociation constant for the corresponding Lrp-DNA complex is relatively high. Indeed, the dissociation constant for this complex is high, at least relative to the complex formed with DNA from the ilvIH operon.
In addition to Lrp-mediated repression of lrp expression, transcription from the lrp promoter is markedly reduced by growth of strains in a rich medium such as LB (10) . Furthermore, that repression was independent of the presence of Lrp and was not caused by the presence of excess leucine in LB, because leucine had little effect on lrp expression in a minimal medium (10) . The basis for the repression caused by rich media, and other possible controls over lrp expression, remains to be uncovered.
The nucleotide sequences reported here establish the exact location of the trxB gene, which is located just upstream of the lrp operon. It is not yet clear whether there are other genes downstream of lrp that are transcribed from the lrp promoter. dinH, a gene that is regulated by LexA, is immediately downstream of lrp and is transcribed in the same direction (9) . It is likely that dinH has a separate promoter because the expression of dinH is markedly increased after treatment of E. coli with mitomycin C (9). The exact location of that promoter has not been established, but there is a putative LexA binding site 35 bp downstream of the end of the lIp gene (9) . Whether some basal expression of dinH occurs by readthrough transcription from the lrp promoter remains to be established.
